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Entanglement is an invaluable resource for fundamental tests of physics and the implementation of quantum
information protocols such as device-independent secure communications. In particular, time-bin entangle-
ment is widely exploited to reach these purposes both in free space and optical fiber propagation, due to the
robustness and simplicity of its implementation. However, all existing realizations of time-bin entanglement
suffer from an intrinsic postselection loophole, which undermines their usefulness. Here, we report the first
experimental violation of Bell’s inequality with “genuine” time-bin entanglement, free of the postselection
loophole.We introduced a novel function of the interferometers at the twomeasurement stations, that operate
as fast synchronized optical switches. This scheme allowed us to obtain a postselection-loophole-free Bell
violation of more than 9 standard deviations. Since our scheme is fully implementable using standard fiber-
based components and is compatible with modern integrated photonics, our results pave the way for the
distribution of genuine time-bin entanglement over long distances.
DOI: 10.1103/PhysRevLett.121.190401
Introduction.—In 1989, Franson conceived an interfero-
metric setup to highlight the counter-intuitive implications
of quantum mechanics [1]. He proposed to send a pair of
entangled photons to two measurement stations (Alice and
Bob), each composed of an unbalanced interferometer. By
exploiting the quantum interference in the detection events,
it should be possible to rule out local realistic models [2]
by violating a Bell–Clauser-Horne-Shimony-Holt (CHSH)
inequality [3]. Franson’s idea was first implemented by
exploiting energy-time entanglement, generated by pump-
ing a nonlinear crystal with a continuous-wave (cw) laser
[4–6]. The emitted photons are generated at the same
instant, which is uncertain within the coherence time of the
source, leading to indistinguishability in the alternative
paths the photons will take in the measurement stations.
Extending Franson’s idea, time-bin (TB) entanglement was
introduced in 1999 by Brendel et al. [7]: the cw laser is
replaced by a pulsed laser shining the nonlinear crystal after
passing through an unbalanced “pump” interferometer.
Now, the photons can be emitted at two possible times,
depending on the path taken by the pump pulse in the first
interferometer [Fig. 1(a)]. Both energy-time and time-bin
entanglement have been widely used to distribute entangle-
ment over long distances [8–12] and to realize fiber-based
cryptographic systems [13,14], aiming for device-indepen-
dent security [15–17], which requires the loophole-free
violation of a Bell inequality [18–21].
However, Aerts et al. noted that Franson’s Bell test is
intrinsically affected by the postselection loophole (PSL)
[22], which is present independently of the other loopholes
(e.g., locality and detection) that could affect local-realistic
tests [23]. In fact, Alice and Bob should postselect only
the indistinguishable events occurring within a coincidence
window Δτc, discarding those photons arriving at different
times. When performing such postselection, there exists a
local-hidden-variable (LHV) model reproducing the quan-
tum predictions [22,24]. Indeed, a LHV model admits the
local delays to depend on the local parameter (φA or φB),
but Alice and Bob need to compare these delays to perform
FIG. 1. Bell tests with time-bin entanglement. (a) In the passive
TB, by postselecting the events detected in coincidence in the
central time slot, Alice and Bob can violate a Bell inequality, but
the scheme is affected by the PSL. (b) In the active TB, the
passive beam splitter is replaced by a balanced MZI acting as an
optical switch, and a PSL-free Bell violation is obtained by
exploiting the phase modulator φM to not discard any data.
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the postselection. Therefore, even though the physical
system is completely local, such postselection invalidates
the locality assumption required to derive the Bell’s
inequality. The same loophole affects the time-bin entan-
glement scheme shown in Fig. 1(a), invalidating Bell’s
inequality as a test of local realism and enabling the
hacking of Franson’s scheme when used for cryptographic
purposes [25]. In fact, the Bell test gives false evidence,
since the apparent violation would tell users the setup is
device-independently secure, while it is actually insecure
because of the PSL.
Many modifications to Franson’s original scheme have
been proposed to address the PSL. The first one is due to
Strekalov et al. [26], and exploited hyperentanglement in
polarization and energy time to overcome the PSL by
replacing the beam splitters of Alice’s and Bob’s interfer-
ometers with polarizing ones. This scheme was experimen-
tally implemented [27] and recently realized in an intracity
free-space link [28]. However, requiring entanglement in
both energy time and polarization, this solution increases the
experimental complexity. Afterwards, a proposal by Cabello
et al. modified the geometry of the interferometers by
interlocking them in a hug configuration, and introduced a
local postselection, which does not require communication
between Alice and Bob [29]. In this way, genuine energy-
time entanglement can be generated, i.e., not affected by the
PSL. Soon after, table-top experiments were realized [30,31]
as well as the distribution of genuine energy-time entangle-
ment through 1 km of optical fibers [32] and its implemen-
tation in an optical fiber network [33]. However, the hug
configuration requires to stabilize two long interferometers
whose extension is determined by the distance betweenAlice
andBob: the larger the separation is, themore demanding the
stabilization becomes. In the case of time-bin entanglement,
the original proposal mentioned the use of active switches to
prevent discarding any data [7], such as movable mirrors
synchronized with the source, instead of passive beam
splitters [Fig. 1(a)]. This solution can also be exploited to
overcome thePSL [24], but no such schemehas been realized
so far.
Here, we propose and implement, for the first time, a
genuine time-bin entanglement scheme allowing the vio-
lation of a Bell’s inequality free of the PSL. The active
switches are realized by replacing the first beam splitter, in
each unbalanced interferometer of the measurement sta-
tions, with another balanced interferometer with a fast
phase shifter in one arm [Fig. 1(b)]. By actively synchro-
nizing the phase shifter with the pump pulses, it is possible
to use the full detection statistics, overcoming the PSL. The
independence between Alice’s and Bob’s terminals, the
relaxed stabilization requirements, as well as the compliance
with off-the-shelf components open the possibility to exploit
such scheme over long distances, paving the way to a
conclusive loophole-free Bell test with time-bin entangle-
ment. Indeed, the postselection procedure has long precluded
the use of time-bin entanglement in loophole-free Bell
experiments, performed, so far, by exploiting electronic
spins [18], atoms [19], and photon polarization [20,21].
Conceptual analysis of time-bin entanglement schemes.—
In the passive time-bin scheme, a pump Mach-Zehnder
interferometer (MZI) with a temporal imbalance equal to
Δt is used to split a short light pulse into two [Fig. 1(a)].
This light is focused into a nonlinear crystal producing
photon pairs via a spontaneous parametric down-conver-
sion (SPDC) process. By optimizing the pump energy, the
generation of double photon pairs is suppressed, and the
Bell state jΦþi ¼ ðjSiAjSiB þ jLiAjLiBÞ=
ﬃﬃﬃ
2
p
is produced,
where the indexes A and B represent the generated photons
that are sent to Alice’s and Bob’s measurement stations.
Each of these is composed of an unbalanced MZI that has
the same imbalance Δt of the pump interferometer and can
introduce a further phase shift φA, φB. The output ports of
each interferometer are followed by two single-photon
detectors, and the possible outcomes are labeled a ¼ 1
and b ¼ 1 for Alice and Bob, respectively.
In the passive TB scheme, each photon of the pair can be
detected only at three distinct times ðt0 − Δt; t0; t0 þ ΔtÞ,
due to the pump and measurement MZIs. By postselecting
the detection events occurring in the central time slot, Alice
realizes the projection fPˆaga¼1 with Pˆa ¼ jψaihψajwhere
jψai ¼ ðjSi þ aeiφA jLiÞ=
ﬃﬃﬃ
2
p
, and similar relations hold for
Bob (with a replaced by b and A by B). Since the delay is
local, one could think that this should allow the violation of
the Bell’s inequality. There is simply no physical mechanism
for the remote phase shift to influence the local delay.
However, for a coincidence to occur, Bob’s delay needs to
coincidewithAlice’s, and Bob’s delay is controlled byBob’s
phase shift, remotely from the point of view of Alice. This
constitutes a coincidence loophole for the Bell inequality
[34], somewhat similar to a detection loophole with 50%
detection efficiency, but much worse since it is present even
when using loss-free equipment, therefore, introducing an
unavoidable intrinsic loophole in the setup.
Quantum mechanics provides the probabilities Pa;b
for photon detections that occur within a coincidence
window Δτc < Δt around the central time slot for each
pair of detectors a, b. The probabilities Pa;b depend on the
initial state jΦþi and on the local phase shifts φA, φB
introduced by the measurement stations and are given by
Pa;bðφA;φBÞ ¼ 14 ½1þ abV cosðφA þ φBÞ, where V is the
visibility of two-photon interference.
Disregarding the PSL, the interference in the postselected
events will seem to violate the Bell-CHSH inequality, which
provides an upper limit for a combination of four correlation
functions EðφA;φBÞ with different phases φA, φB, when
assuming the existence of a LHV model [3]. The correlation
function is EðφA;φBÞ ¼
P
a;babPa;bðφA;φBÞ and the Bell-
CHSH inequality S ≤ 2 is given by the S parameter
S ≡ EðφA; φBÞ þ Eðφ0A; φBÞ þ EðφA; φ0BÞ − Eðφ0A; φ0BÞ,
whereφA,φ0A andφB,φ
0
B denote thevalues of the phase shifts
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introduced by Alice and Bob, respectively [3]. Quantum
mechanics (QM) predicts EQMðφA;φBÞ ¼ V cosðφA þ φBÞ,
leading to a maximum S parameter Smax ¼ 2
ﬃﬃﬃ
2
p
V if φA ¼
−π=4, φ0A ¼ π=4, φB ¼ 0, and φ0B ¼ π=2. Hence, the
Bell-CHSH inequality will seem to be violated if
V > 1=
ﬃﬃﬃ
2
p
≈ 0.71.
Moreover, if no postselection is applied in the passive
TB scheme, then the Bell-CHSH inequality holds, and
could, in principle, be violated. However, in this case, Alice
implements the positive operator valued measure (POVM)
[35] fΓˆaga¼1 with Γˆa ¼ ð1=4Þ1þ ð1=2ÞPˆa, where 1 ¼
jSihSj þ jLihLj (and, similarly, for Bob). Thus, with no
postselection, the quantum detection probabilities Pa;b lead
to Smax ¼ 2
ﬃﬃﬃ
2
p
V 0, with the overall three-peak visibility
V 0 ¼ V=4 and the Bell-CHSH inequality cannot be violated
even with perfect visibility V ¼ 1.
Contrarily, a proper violation can be achieved in the
active TB scheme here proposed [Fig. 1(b)]. We replace the
passive beam splitter with an additional balanced MZI
acting as a fast optical switch, allowing the measurement
MZI to recombine the jSi and jLi pulses, making them
indistinguishable. Contrary to the passive TB scheme
which recombines the two temporal modes in a probabi-
listic manner, our scheme deterministically compensates
for the delayΔt, and no detections are discarded. Indeed, by
imposing the phases φS and φL ¼ φS − π on the jSi and jLi
pulses, respectively, the balanced MZI determines the path
they will take in the measurement-MZI, as sketched in
Fig. 2(a).
At each detector,we expect a detectionpattern that depends
on the value of φS [Fig. 2(b)]. In our active TB scheme,
Alice implements the POVM fΠˆaga¼1, where Πˆa ¼
1
2
½cos2ðφS=2ÞjSihSj þ sin2ðφL=2ÞjLihLj þ jχaihχaj with
jχai¼½ie−iðφS=2ÞsinðφS=2ÞjSiþaeiðφA−φL=2ÞcosðφL=2ÞjLi=ﬃﬃﬃ
2
p
. If φS − φL ¼ π, we have
Πˆa ¼
1
2
cos2

φS
2

1þ sin2

φS
2

Pˆa: ð1Þ
Setting the phase φS ¼ π (so φL ¼ 0), Πˆa reduces to Pˆa and
she projects onto the state jψai, with no postselection
procedure. Indeed, in the detection pattern, the lateral peaks
“disappear” [Fig. 2(b)], and it is unnecessary to discard any
data. Hence, the expected violation of Bell-CHSH inequality
is PSL free.
Description of the experiment.—We implemented the
active TB scheme proposed above by using the experi-
mental setup sketched in Fig. 3. A mode-locking laser
produced a pulse train with wavelength around 808 nm,
76 MHz of repetition rate and ∼150 fs of pulse duration.
This beam is used to pump a second-harmonic-generation
(SHG) crystal generating coherent pulses of light up-
converted to 404 nm. Each pulse passes through a free-
space unbalanced Michelson interferometer (the pump
interferometer), producing a coherent state in two temporal
modes. The imbalance between the two arms is about
90 cm, corresponding to a temporal imbalance Δt ≈ 3 ns,
much greater than the coherence time of the pulses. Then,
the pulses pump a 2-mm long beta-barium borate (BBO)
crystal to produce the entangled photon state at 808 nm via
type-II SPDC [36].
The two photons are sent to Alice’s and Bob’s terminals
after being spectrally filtered (3 nm bandwidth) and
collected by two single-mode optical fibers. Each station
is composed of two MZIs, a balanced one and an
unbalanced one. The balanced MZI is composed of a
50∶50 fiber coupler which defines the two arms of the
interferometer. To guarantee the zero imbalance of this
MZI, a nanometric stage is placed in one of the two arms.
The balanced MZI works as a fast optical switch, since
there is a fast (∼GHz bandwidth) phase modulator in one of
FIG. 2. Functioning of the active TB scheme. (a) In a balanced
MZI, the relative phase φM sensed by a traveling pulse determines
the output port at which it will exit with probabilities cos2ðφM=2Þ
and sin2ðφM=2Þ. A fast modulator imposes different phase shifts
φS and φL to the jSi and jLi photons while they are traveling
along the balanced MZI. (b) The detection pattern depends on φS
and φL ¼ φS − π. If φS ¼ π, all detections occur in the central
time slot; if φS ¼ 0, they appear only in the lateral time slots. Any
other detection histogram can be obtained with two different φS
values, one with φS < π (red dot) and the other with φS > π
(blue dot).
FIG. 3. Experimental setup. Bob’s measurement station is
analogue to Alice’s. APD: analog photodetector; DM: dichroic
mirror; HWP: half waveplate; and QWP: quarter waveplate.
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its arms. The modulation voltage is set to Vπ such that
φS − φL ¼ π, while the dc bias of the phase modulator is
driven by an external proportional-integral-derivative (PID)
controller, that is responsible for locking the phase φS to π.
The complete operating principle of the PID controller is
detailed in the Supplemental Material (SM) [37]. The two
arms of the balanced MZI are recombined at a 50∶50 free-
space beam splitter (BS) after it has been optimized for
polarization rotations. This BS begins the unbalanced MZI
whose imbalance is equal to that of the pump interfero-
meter (within the coherence time ∼200 μs of the photons).
The two mirrors of the long arm of the unbalanced MZI are
placed on a nanometric piezoelectric stage to both guar-
antee the required imbalance Δt and introduce the local
phase shift φA and φB to realize the Bell test. At the two
output ports of the measurement stations, we used two
avalanche single photon detectors (SPADs,∼50% detection
efficiency). The detection events are then time tagged by a
time-to-digital converter (time tagger) with 81 ps resolution
and the data are stored in a personal computer.
Results.—With the setup shown in Fig. 3, we performed
three different Bell tests: (I) the passive TB with post-
selection, (II) the passive TB with no postselection, (III) the
active TB with no postselection proposed above. To realize
(I), we bypassed the balanced MZI in each of the
measurement stations, hence, obtaining the passive TB
configuration of Fig. 1(a). By choosing a coincidence
window Δτc ≈ 2.4 ns and by postselecting the coincident
events that occurred in the central time slot, Alice (Bob)
implemented Pˆa (Pˆb), and the expected Bell-CHSH vio-
lation is affected by the PSL. To realize (II), we used the
same configuration as in (I), without discarding any data by
choosing a coincidence window Δτc ≈ 8.1 ns, as large as
the three-peak profile in the detections (Fig. 4). Now, Alice
(Bob) implemented the POVM Γˆa (Γˆb) and no Bell-CHSH
violation is expected. To implement (III), we exploited the
balanced MZI in each station, and we used the PID
controller to implement the phase-locking mechanism
independently at each terminal. We did not discard any
data by choosing a large coincidence window as in (II), and
the Bell-CHSH inequality is directly applicable, since Alice
(and Bob) implemented the POVM of Eq. (1) with φS ¼ π.
Hence, the expected Bell-CHSH violation is free of the PSL.
A typical histogram from a detector is shown in Fig. 4,
being similar to the results from the other ones. For the TB
schemes (I) and (II), as the balanced MZI is bypassed, the
expected three-peak profile (grey histogram) is found.
Conversely, in our active TB scheme (III), the PID
controller correctly clears the lateral peaks (red histogram).
For each of the Bell tests described above, first, we
calibrated the shifts to be introduced by the nanometric
stages in Alice’s and Bob’s unbalanced MZIs, by scanning
the coincidence rate for a pair of detectors by moving Bob’s
stage while Alice’s is fixed. From the sinusoidal pattern so
obtained, we estimated the experimental visibility Vexp for
each scheme. Then, we imposed the shifts ðφA;φBÞ needed
to obtain the maximal violation of the Bell inequality and
run the acquisition long enough for significant statistics.
The results of the tests are presented in Table I.
Violations of the Bell-CHSH inequality were obtained
with the first and the third scheme with clear statistical
evidence, but only (III) is not affected by the PSL. The
minor violation obtained is due to imperfection in the
balanced MZI alignment and in the locking procedure
during the data acquisitions needed to experimentally
estimate the S parameter Sexp. However, any imperfection
in the locking mechanism setting φS ¼ π corresponds to an
effective lower visibility, but it does not introduce any
loophole in the Bell test.
Conclusions.—Time-bin encoding [7] is a resource for
performing fundamental tests of quantum mechanics
[38,39], quantum communications over turbulent channels
[40,41], and for distributing entanglement over long dis-
tances [12]. Time bin is more robust than polarization in
fiber-based implementations, since the latter suffers from
polarization mode dispersion [14], that must be carefully
compensated [42]. Recently, a three-state quantum key
distribution (QKD) protocol has been proposed and imple-
mented using both encodings [43,44]. The reduced
complexity of time bin allowed for a higher secret key
rate and the longest fiber QKD link realized so far [45].
Furthermore, a significant advantage of time bin is the
possibility of realizing high-dimensional states (qudits),
which can provide higher QKD rates [46,47], and that can
be controlled (see the proposal [48]) by exploiting the
square phase modulation we experimentally realized here.
However, all time-bin entanglement realizations per-
formed so far were affected by the PSL. Another possible
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FIG. 4. Raw detection histograms obtained with one detector
for the passive TB (grey curve) and with the active TB (red
curve). The counts are normalized to fairly compare the two
histograms.
TABLE I. Main results. SD refers to standard deviation of the
Bell-CHSH violation.
Scheme Δτc (ns) PSL Vexp Sexp SD
(I) passive TB 2.4 Yes 0.95 0.05 2.58 0.03 18.3
(II) passive TB 8.1 No 0.23 0.02 0.67 0.02 …
(III) active TB 8.1 No 0.89 0.03 2.30 0.03 9.3
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way to overcome it requires violating the “chained” Bell
inequalities [49], but the needed visibility (≳0.94 [25]) is
considerably higher than that of the Bell-CHSH inequality
(≳0.71). Even if such a high visibility is achievable [50],
our scheme strongly relaxes this requirement, since the
Bell-CHSH inequality is directly applicable.
This work is the first implementation of genuine time-bin
entanglement, representing a crucial step towards its
exploitation for fundamental tests of physics and the
realization of the quantum internet [51]. Our scheme can
be realized using only commercial off-the-shelf fiber
components and, since its stability does not depend on
the distance between Alice and Bob, it is easier to be
implemented with respect to the hug configuration [29].
Furthermore, as long as both the π-phase transition imposed
by the modulator and the detector jitter are shorter than the
imbalance, it is possible to shorten Δt, rendering it
compatible with today’s photonic integrated technologies
[52,53]. Finally, our work makes time-bin entanglement a
viable technique for obtaining a loophole-free Bell viola-
tion, which is the enabling ingredient of any device-
independent protocol [15–17,54].
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